A new structure design of a multi-band suspended stepped slot microstrip patch antenna with copper ground plane for future mobile communications is proposed and presented. A parametric study for the effect on the proposed antenna is done on a par with the integration of a polycrystalline silicon solar cell. The compact low profile proposed antenna is developed using Printed Circuit Board (PCB) technology on a substrate, FR4 with physical size of 50 × 50 mm 2 . Simulated and measured results are presented to validate the usefulness of the proposed antenna structure for Wi-Max and future mobile communications. The measured result reveals that the presented stepped slot patch antenna with copper ground plane offers impedance bandwidth of 3.94% (covering 5.46 GHz-5.68 GHz band), 3.06% (covering 7.08 GHz-7.3 GHz band), and 9.26% (covering 8.34 GHz-9.15 GHz band). The same radiating patch with solar ground plane offers impedance bandwidth of 4.58% (covering 5.12 GHz-5.36 GHz band) and 3.06% (covering 7.32 GHz-8.02 GHz band) for future mobile communications. Good VSWR and radiation pattern characteristics are obtained in the frequency band of interest.
6 GHz. Sub-1 GHz supports widespread coverage across urban, suburban, and rural areas, and helps support Internet of Things (IoT) services. 1-6 GHz offers a good mixture of coverage and capacity benefits. This includes a spectrum within 3.3-3.8 GHz range which is expected to form the basis of many initial 5G services. It also includes others which may be assigned to, or reformed by, operators for 5G including 1800 MHz, 2.3 GHz, 2.6 GHz, etc. In the long term, more spectrums are needed to maintain 5G quality of service and growing demand, in bands between 3 and 24 GHz. Above 6 GHz is needed to meet the ultra-high broadband speeds envisioned for 5G.
Hence the microstrip patch antenna has been proposed and designed to a tunable frequency range from 2.6 to 3.35 GHz using frequency reconfigurable U-slots [1] . As the technology is increased rapidly in the modern communication system, wireless communication systems will be required to operate at more than one frequency without increasing the size of the antenna, and a corner-truncated rectangular patch with a rectangular slot [2] and a T-shaped stub-loaded ring-resonator slot [3] is presented for operating in the LTE2300, Bluetooth, WiMAX, and WLAN bands. The use of slots is generally associated with widening the bandwidth of a patch antenna. A single layer, single patch, multi-band antenna is presented [4] by cutting U-slots in the patch for broadband operation. A set of slots including pi, triangular, and circular slots is presented, which can be used to enhance the gain of the patch antenna, reduce side lobe levels, and/or stabilize the radiation patterns by removing null from broadside [5] .
By incorporating a triangular notch and parasitic slots, a wide slot antenna with a Y shape tuning element is presented [6] for wireless applications (GSM 1800, WiMAX, PCS, and ITM-2000). A novel single probe-fed, single-layer, and single-patch triple-band microstrip antenna is presented [7] , by incorporating two identical U-slots in the patch, which can resonate for WLAN 2.4 GHz, WLAN 5.8 GHz, and 3.5 GHz of 5G (the fifth-generation mobile communication) operation. A modified π-shaped slot loaded multifrequency microstrip antenna is presented [8] and resonates at 3.3, 4.55, 5.56, and 6.08 GHz in microwave S and C bands. A compact low-profile and quad-band antenna with three differently shaped slots, suitable to be integrated with a portable device for varieties of wireless communication applications is presented [9] and covers frequency bands from 2.39 to 2.48 GHz for lower WLAN, 3.64-3.73 GHz for downlink, and 5.98-6.30 GHz for uplink standard satellite communications, and 6.97-7.18 GHz mainly used by the Indian National Satellite System. A low-profile and broadband slot antenna with artificial magnetic conductor (AMC) surface is designed [10] for X and Ku communication, which improves the radiation and impedance matching properties of the broadband slot antenna. A trident shape ultra-large band fractal slot EBG antenna is presented [11] , and it is highly compatible with various wireless devices associated with IoT based wireless application between the ranges of 1.59 and 13.31 GHz frequencies.
Solar energy fetching is alluring and alternative to powering autonomous communication systems. These devices often involve the use of separate photovoltaic (PV) cells and antennas, which demand a compromise in the utilization of the limited space available. The solar cells act as a ground plane, in addition to their function as a power source and can also be integrated with microwave patch antennas [14] [15] [16] [17] .
A simple and compact design of a slot patch antenna integrated on an amorphous silicon solar cell for dual band (2.4/5.2 GHz) wireless local area network applications is proposed [18] . A transparent patch antenna on a-Si thin-film glass solar module [19] and solar cell stacked dual-polarized patch antenna module [20] is presented for WiMAX applications. The integration of slot antennas in a class of commercial photovoltaic (PV) solar panels are proposed for stand-alone communication systems operating in the GSM/UMTS and WiMAX frequency bands [21] . A poly-Si solar cell stacked selfcomplementary shaped multiple-L slot loaded suspended microstrip patch antenna is presented [22] for 2.4/5.2 GHz band WLAN and 2.5/3.3/5.8 GHz band WiMAX networks. A patch antenna integrated on the cover glass of a commercial space-certified solar cell [23] is studied. A wideband integrated photovoltaic (PV) solar cell patch antenna [24] for 5 GHz Wi-Fi communication is presented and discussed. A parametric study presented for the effect of the antenna is done on a par with the integration of the polycrystalline silicon solar cell for above 6 GHz satellite applications [25, 26] . This integration of microwave antennas and PV technology on the same surface has led to the development of self-powered integrated systems that can be configured by a variety of design techniques and can help to reduce the weight and peripheral expense of the system.
For a high data rate transmission system and multifunctional devices, we need wideband directional microstrip antennas with constant gain over the wide frequency range. In this paper, a multi-band suspended stepped slot patch antenna with ground plane of both copper and solar cell is presented and serves as 5G for future mobile communications. Simulations of the design with HFSS (High Frequency Structure Simulator) Software show promising results. This paper is structured as follows. Section 2 describes the design, parameters, and geometry of a microstrip patch with specifications. Section 3 shows the results explaining antenna parameters like return loss, VSWR, and gain. Finally, Section 4 shows the conclusion.
STEPPED SLOT PATCH ANTENNA DESIGN AND FABRICATION
The proposed stepped slot patch antenna with dimensions of 50 mm×50 mm×1.6 mm together with the feeding structure is designed using HFSS as shown in Fig. 1(a) . The antenna is developed on an FR4 epoxy substrate with relative dielectric constant of ε r 4.4, loss tangent of 0.02, and height of 1.6 mm, with a copper ground plane on the lower side of the substrate. In this design, the overall patch dimensions are determined based on the transmission line model for designing a solid patch to operate at the desired frequency [12, 13] . The patch antenna comprises a length of the said antenna about 30 mm, and width of the said antenna is 34 mm while the said stepped slots are arranged at the center of the said patch with spaced intervals according to a direction of radiation of the said patch antenna. The plurality of slots has a length of 7 mm, height of 8 mm, and width of 2 mm. The said plurality of first, second, and third elongated stepped slots are arranged in parallel to each other. The said first elongated stepped slots and second elongated stepped slots are separated by a distance of vertically 4 mm and horizontally 2 mm. Similarly, the second elongated stepped slots and the third elongated stepped slots are separated by a distance of vertically 4 mm and horizontally 2 mm. The said ground radiating copper plane and the patch are fed by a microstrip line shown in Fig. 1(b) . For improving the impedance matching, a coaxial power feed is connected at a pre-determined location on microstrip line. The same stepped slot patch is integrated with a poly-Silicon solar cell ground plane with thickness of 0.2 mm with the same dimensions of the antenna substrate. The microstrip fed-line suspended stepped slot patch antenna is fabricated and connected to a 50 Ω-SMA connector and tested using a vector network analyzer (Agilent N5230A). Photographs of the fabricated proposed design antenna integrated with a solar cell is shown in Fig. 2 . In this presented design, a standard SMA connector (Right angle PCB mount type) is used. 
SIMULATION AND MEASUREMENT RESULTS
The VNA antenna measurement setup model is shown in Fig. 3 . The simulated and measured return losses S 11 versus frequency and VSWRs versus frequency of the proposed antenna are illustrated in Fig. 4 and Fig. 5 . It is evident in Fig. 4 and Fig. 5 that there are multi-resonances, each providing broad bandwidth according to the simulation and practical results. The simulated results are carried out using HFSS and show that S 11 response of better than −10 dB is achievable over 5. shows that the fabricated proposed stepped slot patch with a copper ground plane antenna resonates close to the desired frequency bands 5.46 GHz-5.68 GHz, 7.08 GHz-7.3 GHz, and 8.34 GHz-9.15 GHz with VSWR less than 2.
The measured S 11 also shows that the fabricated stepped slot patch with a solar cell ground plane antenna resonates at frequency bands 5.12 GHz-5.36 GHz and 7.32 GHz-8.02 GHz with VSWR less than 2. The observed reflection coefficient versus frequency from simulated and measured VSWR values of the proposed antenna is illustrated in Fig. 6 , and this is reasonable and acceptable. There is a small difference between the simulated and measured resonant frequencies. This is attributed to the hand-constructed fabrication process and the caused imperfections in the resulting dimensions. Otherwise, good agreement between the simulation and practical measurement has been achieved. Figure 7 shows the simulated electric field and surface current distribution of the stepped slot microstrip patch antenna with copper ground plane. The surface current flows through the feed line towards the stepped slots radiating element, and the current is distributed into the vertical and horizontal directions along the slot edges. The current density induces an E-field across the slots, therefore, contributes to radiation and creates resonance frequency modes. From the simulation, the obtained maximum electric field and surface current density of proposed antenna with copper ground plane are 3.87 e 2 V/m and 5.03 A/m, respectively.
The prototype of the designed antenna is practically measured in an anechoic chamber. The designed antenna is placed as high as the transmitting horn antenna and at a distance of 1.5 m from the horn antenna to satisfy the far field requirement. Fig. 8 reveals that the operating frequency at 5.5 GHz and 7.2 GHz possesses good unidirectional radiation characteristics while the operating frequency at 8.5 GHz has a butterfly-shaped radiation pattern. The simulated and measured realized peak gains from the proposed antenna at 5.5 GHz are obtained at 8. 22, 9. 42, and 10.22 dBi, respectively, and those at 7.2 GHz are also obtained 5.84, 7.01, and 7.81 dBi, respectively, shown in Fig. 8(a) and Fig. 8(b) . From Fig. 8(c) , it is observed that the simulated and measured realized gains of the proposed antenna at 8.5 GHz are obtained, with 6.03 and 7.23 dBi directed at 60 • and 6.64 and 7.84 dBi directed at 40 • , respectively. In summary, it can be seen that there is a good general agreement between simulated and measured results. There are a number of factors that account for a slight difference between the two sets of results, such as the fabrication tolerances of the antenna, calibration of the vector network analyzer, and possible multi-reflections in the measurement environment. Fig. 9 shows the 3D simulated radiation patterns for the frequencies 5.5, 7.2, and 8.5 GHz, respectively. The directivity is a function of patch width and dielectric constant. For the normal patch antenna with single substrate, the directivity is 6-8 dB. The simulated directivity radiation pattern of proposed antenna is shown in Fig. 10 . The maximum directivity is obtained from the simulation results which is 0.153, equivalent to 8.12 dB. The probable air gap between the solar cell and antenna substrate in assembly shifts the resonant frequency of the antenna. The solar cell may increase the overall effective permittivity of the substrate for the antenna and accordingly lower the resonant frequency. The 3 V, 150 mA Poly-Si solar cell, with dimensions of 60 mm × 45 mm × 1.5 mm, consists of two metal contacts, a negative DC terminal, and a positive DC terminal. In the proposed design, the Poly-Si solar cell operates as a ground of the patch in addition to its solar operation. In order to compare the effect of the solar integrated antenna on the transparency and illumination efficiency operation of the solar cell, the natural solar light is focused on the solar cell. The solar cell electrical output wires are connected to an Ampere-Volt-Ohm (AVO) meter in order to measure the generated output DC voltage intensities are shown in Fig. 12 . The "knee" of the curves is where the most power is produced, and the voltage and current are optimized. P max is the solar cell power output, located at the "knee" of the curves in the graph which is shown in Fig. 12 . It is where the combination of the volts and amperes results in the highest wattage. The observed P max of the solar cell without and with an antenna are 118.8 mW and 109.6 mW. The use of the radiating stepped slot antenna element has yielded a little decrease in maximum output DC power of 9.2 mW at normal incidence, compared to the maximum DC solar power without any antenna integrated above, and this is reasonable and acceptable. Table 1 shows the comparison of measured performance of proposed two antenna models. Table 2 exhibits the comparison of the band of operation and impedance bandwidth of some reported slot antennas with copper ground plane and integrated with solar cell ground plane. The comparison results with other works in Table 2 indicate that the proposed antennas yield a lower profile and operated in different bands used for 5G future mobile communications with acceptable bandwidth 5G future mobile communications performance, and also the solar ground plane acts as both a ground plane for radio communication and dc energy conversion.
CONCLUSION
In this paper, the design of a multi-band suspended stepped slot microstrip patch antenna with copper ground plane and solar cell ground plane has been proposed and demonstrated. The stepped slot patch antenna with copper ground plane covers the frequency bands ranging 5.46 GHz-5.68 GHz, 7.08 GHz-7.3 GHz, and 8.34 GHz-9.15 GHz, and also the same radiating patch with solar ground plane covers the frequency bands ranging 5.12 GHz-5.36 GHz and 7.32 GHz-8.02 GHz. These new designs provide a building block for an integrated communication system for future mobile communications and also fulfill the need of dc generation. The proposed antenna system has several initiatives like data strategy, spectrum sharing for mobile and wireless data services, the quality and quantity of information on spectrum use which are relevant, or potentially relevant, to 5G and/or bands above 6 GHz.
